Introduction
============

Hyaluronic acid (HA) is one of the most abundant macromolecules of the extracellular matrix of mammals. Its structure is highly conserved in evolution and the molecule appears identical in rodents and humans. Also, the mechanisms of degradation in vivo, based on the activity of endogenous hyaluronidases[@b1-ccid-11-339] and on the action of free radicals and reactive oxygen species associated with inflammatory processes,[@b2-ccid-11-339],[@b3-ccid-11-339] are very similar.

Literature data illustrate HA use for therapeutic purposes due to its good safety, biocompatibility, and bio-revitalizing properties.[@b4-ccid-11-339] In fact, HA is used in treatment of knee pains due to osteoarthritis[@b5-ccid-11-339],[@b6-ccid-11-339] of wound healing and tissue regeneration,[@b7-ccid-11-339],[@b8-ccid-11-339] and for dermo-aesthetic applications,[@b9-ccid-11-339] like the nonsurgical procedures of soft tissue augmentation through the injection of HA-based dermal fillers.[@b10-ccid-11-339] HA is extremely hydrophilic and thanks to its ability to produce a gel after subcutaneous injection, it absorbs water increasing in volume and fills the soft tissue space creating a smooth and natural appearance.[@b11-ccid-11-339]

Nowadays, an extended range of HA-based products exists, providing an advanced bespoke aesthetic solution for smoothing and filling wrinkles, restoring facial volumes, and rehydrating skin. To meet the different structural and functional needs of skin, two main categories of dermal fillers were developed: the linear HA-based fillers (e.g., Belotero Soft, Merz Pharma Italia, Milan, Italy; Viscoderm, IBSA Farmaceutici Italia, Lodi, Italy), used for mesotherapy and skin rejuvenation, thanks to their bio-revitalizing properties,[@b12-ccid-11-339] and the chemically modified cross-linked HA-based fillers (e.g., Juvedérm Ultra XC, Allergan SpA, Rome, Italy; Restylane Silk, Galderma Italia SpA, Agrate Brianza, Italy), used for restoring volume of deep wrinkles with longer-lasting effects.[@b4-ccid-11-339] So, one of the major goals in the field of development of new HA-based fillers, properly aimed to the intended use, is to identify a fast, easy to apply, and noninvasive method to investigate their efficacy in terms of longevity after subcutaneous injection.

Nowadays, in the absence of an accepted animal model, the methods used to measure in vivo persistence of tissue fillers involve human patients, and they are based on a subjective visual analog scale assessment, thus depending on the skill and experience of the operator in performing these tasks.[@b11-ccid-11-339],[@b13-ccid-11-339] Moreover, current assessment techniques of filler performance, such as magnetic resonance imaging (MRI) and positron emission tomography--computed tomography, are not limited to evaluations of the skin surface topography and are able to monitor what is happening to the filler beneath the skin surface, but the disadvantage is that they are expensive and strongly invasive.[@b14-ccid-11-339] High-frequency ultrasound (HF-US) could represent a fast and innovative technology to obtain high-resolution images of the skin, of the underlying tissues, and, eventually, of the subcutaneous injected compounds in an inexpensive and noninvasive manner.[@b15-ccid-11-339],[@b16-ccid-11-339] Furthermore, the new generation software allows the 3D reconstruction and measurements of the structures acquired by HF-US,[@b17-ccid-11-339] making a quantitative estimation of residence time of fillers possible. This makes HF-US an ideal diagnostic instrument for testing the effectiveness and the lifetime of subcutaneous or intradermal skin products.

The aim of this study was to develop an animal model to make a quantitative monitoring of the lifetime of soft tissue fillers through HF-US.

To this purpose, we inoculated different formulations of HA (representative of the two main commercial families of fillers) subcutaneously in mice and measured the volume of injected products through the HF-US image diagnostic system over time.

To confirm the results obtained with HF-US, we replicated the experiment by inoculating fluorescein-labeled HA products, measuring their signal over time with a fluorescence living imaging (FLI) diagnostic system. To check the validity of the method using the naturally occurring molecule and not a chemically modified form, only linear HA was tested with both methods.[@b18-ccid-11-339] In addition to setting up the new diagnostic technique, this study allowed us to collect data about residence time of tested dermal fillers. Surprisingly, we observed that residence time of linear HA fillers in vivo was longer than that suggested by in vitro studies.[@b19-ccid-11-339] Cross-linked fillers showed degradation kinetics in accordance with previous literature results.[@b20-ccid-11-339]

Materials and methods
=====================

Animals
-------

The animal protocol (no 4511) was approved by the Italian "Ministero della Salute"; all the experimental procedures were performed according to Italian guidelines and regulations. CD1 mice (female, 8--10 weeks, not pregnant) were purchased from Charles River Laboratories. Prior to the experiments, animals were housed for 7 days for acclimatization to animal room conditions.

Hyaluronic acid products
------------------------

Linear HA 0.8% w/v (~L~-HA 0.8%) was prepared by dissolving sodium hyaluronate (MW 800 kDa; provided by Altergon Italia Srl, Morra De Sanctis, AV, Italy) in buffered saline solution (phosphate buffer, pH 7.0, osmolality: 300 mOsm/Kg). 1,4-Butanediol diglycidyl ether (BDDE)-cross-linked HA 2.5% w/v (~CL~-HA 2.5%) was prepared from the same starting materials according to the procedure described in the patent[@b21-ccid-11-339] (example 1). Hyaluronic Acid, Bovine Trachea, Fluorescein-Labeled Calbiochem (herein referred to as ~L~-HA-F) was purchased from EMD Millipore (Billerica, MA,USA). ~L~-HA-F was dissolved in phosphate buffer (pH 7.0) to obtain concentrations of 0.1% and 0.8% w/v. Solutions of ~L~-HA (0.86 mL) and ~L~-HA-F (0.14 mL) were pooled in order to obtain a final concentration of 0.015% w/v of ~L~-HA-F and 0.69% w/v of ~L~-HA.

Experimental groups
-------------------

A total of 12 mice were used, allocated in four experimental groups with three animals in each, as described in [Table 1](#t1-ccid-11-339){ref-type="table"}.

Administration procedure
------------------------

General anesthesia was used for all procedures. Each mouse was placed in a chamber and inhalation anesthesia (1--2% isoflurane, oxygen flow 2 L/min) was delivered until the mice lost their righting reflex. The animals were maintained on inhalation anesthesia (on a scavenged mask circuit of 1--3% isoflurane) throughout the preparation and the acquisition period. Sterile procedures were followed in all operations. All mice were shaved in the dorsal region and disinfected. A subcutaneous injection of 200 µL of each compound was given paraspinally along the dorsum of each mouse on each side of the vertebral column. Injection was performed with a prefilled syringe assembled with a 27G needle. Care was taken to ensure equal injection distance and consistent injection shape was maintained in the mouse skin.

Fluorescence living imaging
---------------------------

Mice were imaged on days 0, 1, 2, 3, 4, 7, and then weekly until the end of the study using the IVIS Spectrum 200 (PerkinElmer, Inc., Massachusetts, MA, USA) for quantitative evaluation of fluorescence intensity. The mice were anesthetized by inhalation of 1--2% isoflurane with 1% oxygen during the imaging session. Mice of groups 1 and 4 were imaged with their dorsal sides toward the camera, so that the fluorescence signal could be totally acquired. Fluorescence images were collected at predetermined series of exposure times using the following settings: excitation filter 500/10; emission filter 540/10; Bin 8; Field of view 21.6 cm; F stop 2. All images were processed for contrast and brightness and analyzed. Identical regions of interest (ROIs) were drawn around the site of injection on both flanks of each mouse. The total radiant efficiency of the area inside the ROIs (\[p/s\]/\[µW/cm^2^\]) was measured with the Living Image Software (PerkinElmer, Inc). Higher fluorescence intensity with respect to the background value (1×10^5^ \[p/s\]/\[µW/cm^2^\]) was considered as a positive signal. Raw data were saved at the end of each session and processed at the end of the study.

HF-US living imaging
--------------------

US imaging was performed on the same day of fluorescence imaging. Anesthetized mice were placed on a thermostatically controlled heating pad to maintain body temperature. The volume of mounds generated after the injection of test item was imaged with the VisualSonics Vevo™ 2100 In Vivo High-Resolution Micro-Imaging System (VisualSonics Inc., Toronto, ON, Canada). With mice lying on injection sides (left and right side), an aqueous ultrasonic gel was applied to the skin overlying the mounds. A transducer mounted to a 3D motor on a rail system with central frequency at 40 MHz was used. The US scan head linearly translated across the mouse's skin on the 3D motor rail system, and 2D images were acquired at regular spatial intervals such that they were parallel and uniformly spaced over the entire mound. The 3D images were constructed and displayed through the parallel 2D image planes. Drawing the ROIs on the sequence of 2D images collected during the scan enables the Vevo 2100 3D image software to generate 3D volumetric sonograms ([Figure 1C](#f1-ccid-11-339){ref-type="fig"}) and to calculate the final volume.

Statistical analysis
--------------------

Statistical analysis was conducted using the software GraphPad Prism® 6.07. Correlation and statistical significance were calculated through Student's *t*-test and Pearson's correlation (*P*\<0.01).

Results
=======

In this work, degradation kinetics of two different formulations of HA-based soft tissue fillers (linear HA \[~L~-HA 0.8%\] and cross-linked HA \[~CL~-HA 2.5%\]) was evaluated. A new and innovative approach based on HF-US living imaging system was used to monitor fillers' longevity in a small animal model.

Monitoring of filler longevity through HF-US
--------------------------------------------

~L~-HA 0.8% and ~CL~-HA 2.5% were injected subcutaneously (in left and right flanks, respectively), producing a visible mound on the dorsum of the mice ([Figure 1A](#f1-ccid-11-339){ref-type="fig"}). HF-US diagnostic system was used to visualize the volume occupied by the products under the skin. In fact, subcutaneously injected fillers appeared as ovoidal hypoechogenic (black) mounds just below the line (white/gray) of the skin ([Figure 1B and C](#f1-ccid-11-339){ref-type="fig"}). ~L~-HA 0.8% remained detectable through HF-US for 22 days, reducing to 40% of its initial volume in the first week after injection. On the other hand, ~CL~-HA 2.5% had comparable degradation kinetics in the first week from injection, but showed a slower volumetric degradation during the following weeks, remaining detectable through HF-US for 56 days ([Figure 2](#f2-ccid-11-339){ref-type="fig"}).

Monitoring of fluorescein-labeled fillers through FLI
-----------------------------------------------------

In order to confirm HF-US measurements, an in vivo fluorescence imaging analysis was performed. To make ~L~-HA visible through FLI method, it was mixed with ~L~-HA-F at a final concentration of about 0.7% and then was injected subcutaneously in the left flank of the mouse as previously described in the "Administration procedure" section. This labeling strategy also allowed us to monitor the behavior of products in their final form without further modifications. Then, to evaluate if the degradation/absorption kinetics of HA-F was affected if used in combination with unlabeled HA, ~L~-HA-F alone (final concentration 0.8%) was injected in the right flank of the same mouse. Mice were imaged on days 0, 1, 2, 3, 4, 7, and then weekly until the end of the study for quantitative evaluation of fluorescence intensity.

Fluorescence signal remained detectable until day 36 for both flanks, suggesting that disappearance kinetics of ~L~-HA-F was not affected by mixing it with ~L~-HA ([Figure 3](#f3-ccid-11-339){ref-type="fig"}). In addition, volume of mounds generated by injection of ~L~-HA-F, alone or in combination, was evaluated through HF-US imaging system on the same days. HF-US imaging system was able to detect the presence of HA (both ~L~-HA-F alone and the mixture of ~L~-HA-F + ~L~-HA) under the skin until day 22.

Correlating fluorescence imaging and US imaging measurements for assessing filler longevity
-------------------------------------------------------------------------------------------

To validate the correlation of fluorescence and US imaging modalities for assessment of degradation kinetics of tested dermal fillers, all the injected mice of groups 1 and 4 were imaged using both imaging modalities, as described earlier. For each imaging modality, raw imaging data were saved at the end of each imaging session and batch-processed later, blinding the data analysis process to individual mound identity. To determine the correlation between the two imaging modalities, we compared mounds size calculated from fluorescence images acquired using a single exposure time to mounds size determined from US images. This process yielded a correlation graph; the correlation coefficient *R*[@b2-ccid-11-339] was calculated between US mounds volume and fluorescence intensity. *P*\<0.05 was considered significant. Statistical analysis showed a valid correlation (*P*\<0.01) ([Figure 4](#f4-ccid-11-339){ref-type="fig"}), enforcing the idea that fluorescence imaging and US modalities are complementary approaches to monitor HA fillers, longevity using mouse models.

Discussion
==========

HA is among the most widespread tissue fillers in the clinical practice, being the most typical representative of biodegradable polymer.[@b22-ccid-11-339] In this study, we showed the efficacy of high-frequency diagnostic US in the assessment of longevity of dermal fillers in vivo. In fact, in our opinion, the presented experimental approach could be a valid and clinically significant method, useful to monitor longevity and/or physical behavior of new potential products and of commercially available tissue fillers. Although this preclinical model has some limitations due to the small number of animals in each group and to the histological differences between human and mouse skin,[@b23-ccid-11-339]--[@b25-ccid-11-339] in our opinion, it represents the most innovative, standardized, and easy-to-transfer-to-patients approach to monitor longevity of dermal fillers. This new preclinical model can also overpass the main limitation of in vitro-reconstituted models, like 3D-skin models, i.e., a short lifetime.

Our results showed that degradation kinetics of tissue fillers measured by US imaging system is strongly correlated with degradation kinetics measured using fluorescence imaging system. We noticed a difference in fluoresceinated filler lifetime when it was measured using US or fluorescence imaging system. This could be due to a difference in the detection sensitivity of the instruments used in this study; in fact, it is easily deducible that the sensitivity of the camera in acquiring a fluorescence spot is higher than operator's performance in interpreting a sonographic pattern. On the other hand, the use of US imaging system is advantageous because it is easy and rapid to use, and overall, it does not require product labeling that is expensive and could modify the chemical and physical properties of the injected product. In addition, US system is able to identify sonographic properties specific for each filler agent in a different manner, making it possible to detect and characterize the products in vivo and in situ. In this regard, it is notable that fillers consisting of biologic macromolecules show a different sonographic pattern with respect to synthetic fillers, e.g., silicone and hydroxyapatite and polymethylmethacrylate.[@b26-ccid-11-339] Sonography is also able to visualize eventual lesions and complications associated to the injection of fillers,[@b27-ccid-11-339] such as product deposits or the presence of cystic structures that lead to increased blood flow, which can be easily detected using color Doppler US. No other technology currently available is able to provide all those parameters in a noninvasive manner, and thus US represents a useful adjunct tool for investigation in the field of soft tissue fillers. Moreover, the availability of a fast and standardized method to screen the longevity of new formulations of fillers could be useful to clinicians to evaluate the site and the number of treatments. This new tool, in fact, could support clinicians in defining the schedule of treatments taking into account the individual tissue responses of patients. It also allows a comparative evaluation of different formulations, simplifying the screening of new prototypes or the selection of the optimal commercial product. Recently, Choi et al validated 3D magnetic resonance (3D-MR) imaging as a novel method to evaluate the longevity of HA fillers in a mouse model.[@b28-ccid-11-339] Nevertheless, application of 3D-MR is restricted to the preclinical animal model, being more laborious and invasive with respect to US technique.[@b29-ccid-11-339]

Conclusion
==========

In conclusion, we demonstrated that the HF-US-based procedure is fully comparable, easily reproducible, and quantitatively accurate when compared to FLI method; therefore, it is a suitable, noninvasive, and effective tool to evaluate residence time of HA-based fillers in preclinical models. In addition, our results suggest that this new method permits discrimination of degradation kinetics of fillers related to their chemical--physical properties, based on cross-linking and concentration. In fact, this study demonstrated that cross-linked HA has a longer residence time after subcutaneous injection when compared to linear HA, but the concentration of cross-linked HA was higher than the linear one. So, further investigations are needed to verify if the long-lasting effect of cross-linked HA was due to a stronger resistance to degradation acquired through chemical modifications (i.e., cross-linking), or if it is also a consequence of the higher concentration.

In vitro studies[@b19-ccid-11-339] showed that the degradation of HA is very fast, confirming the well-established data about the physiological turnover of this glycosaminoglycan in vivo,[@b30-ccid-11-339] ranging from half a day to 2 or 3 days, regardless of its route of elimination.[@b31-ccid-11-339] Nevertheless, our results revealed an unexpected longer residence time for linear HA, thus explaining, at least in part, the long-lasting skin rehydration effect of bio-revitalizing agents. These considerations suggest that some knowledge gaps still exist in this field of investigations and opens a window for future research efforts.
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![(**A**) Subcutaneous injection of test items. On the dorsal region of the mouse are visible the two mounds generated by injection of test items. (**B**) Bi-dimensional image. Sonographic image of the subcutaneous injection of dermal filler in the dorsal area. The filler appears as anechogenic area. (**C**) Three-dimensional image of a dermal filler. The figure shows a 2D ultrasound image and the 3D reconstruction of the volume occupied by the filler.](ccid-11-339Fig1){#f1-ccid-11-339}

![**(A)** Volumetric degradation of fillers monitored through HF-US. **(B)** Representative images of degradation kinetics of ~CL~-HA by HF-US.\
**Abbreviations:** HF-US, high-frequency ultrasound; ~CL~-HA, cross-linked hyaluronic acid; ~L~-HA, linear hyaluronic acid; ~L~-HA-F, fluorescein-labeled linear hyaluronic acid.](ccid-11-339Fig2){#f2-ccid-11-339}

![Volumetric degradation of hyaluronic acid products. **(A)** Degradation kinetics of ~L~-HA-F 0.8% monitored through HF-US. **(B)** Degradation kinetics of (~L~-HA + ~L~-HA-F) 0.7% monitored through HF-US. **(C)** Degradation kinetics of ~L~-HA-F 0.8% (left flank) and (~L~-HA + ~L~-HA-F) 0.7% (right flank) monitored through FLI.\
**Abbreviations:** HF-US, high-frequency ultrasound;~L~-HA, linear hyaluronic acid; ~L~-HA-F, fluorescein-labeled linear hyaluronic acid; FLI, fluorescence living imaging.](ccid-11-339Fig3){#f3-ccid-11-339}

![Graphical representation of the statistical correlation (*P*\<0.01) existing between volumes of fillers and absorbance values obtained through HF-US and FLI techniques for ~L~-HA-F 0.8% **(A)** and (~L~-HA + ~L~-HA-F) 0.7% **(B)**.\
**Abbreviations:** HF-US, high-frequency ultrasound;~L~-HA, linear hyaluronic acid; ~L~-HA-F, fluorescein-labeled linear hyaluronic acid; FLI, fluorescence living imaging.](ccid-11-339Fig4){#f4-ccid-11-339}

###### 

Experimental groups

  Group   Number of mice   Compound                                                      Flank   Acquisition method
  ------- ---------------- ------------------------------------------------------------- ------- --------------------
  1       3                Saline solution[\*](#tfn1-ccid-11-339){ref-type="table-fn"}   Both    HF-US + FLI
  2       3                ~L~-HA 0.8%                                                   Both    HF-US
  3       3                ~CL~-HA 2%                                                    Both    HF-US
  4       3                ~L~-HA-F 0.8%                                                 Right   HF-US + FLI
                           (~L~-HA + ~L~-HA-F) 0.7%                                      Left    HF-US + FLI

**Note:**

Saline solution 0.9% was used as negative control

**Abbreviations:** ~L~-HA, linear hyaluronic acid; ~CL~-HA, cross-linked hyaluronic acid; ~L~-HA-F, fluorescein-labeled linear hyaluronic acid; HF-US, high-frequency ultrasound; FLI, fluorescence living imaging.
